The ratios of the concentrations of radionuclides in produce (fruits, vegetables, and grains) to the concentrations in the soil have been measured for cesium and strontium at locations near Los Alamos. The Soil, Foodstuffs, and Biota Team of the Meteorology and Air Quality Group of the Los Alamos National Laboratory (LANL) obtained the data at locations within a radius of 50 miles of LANL. The concentration ratios are in good agreement with previous measurements: 0.01 to 0.06 for cesium-137 and 0.1 to 0.5 for strontium-90 (wet-weight basis).
Introduction
Concentration ratios are the ratios of the concentrations of radionuclides in biota to the concentrations in the underlying media such as the soil. They are important for the biota dose assessments directed by the US Department of Energy (DOE) Standard (DOE 2002) . In the DOE Standard and its supporting computer program, RESRAD-BIOTA, the concentration ratios are called "bioaccumulation factors" (abbreviated B iv or BIV) or "lumped parameters." In other publications, similar quantities are called "concentration factors" (Eisenbud and Gesell, 1997; Till and Meyer, 1983) or transfer factors (Till and Meyer, 1983) . Some of these are calculated on the basis of wet, dry, or ash weight, so caution is needed. For use with RESRAD-BIOTA, concentration ratios in this paper are converted to a wet-weight basis.
In the DOE Standard (DOE 2002) the default bioaccumulation factors for cesium and strontium are greater than one. For example, on page M3-45, Table 3 .2C, the DOE Standard lists a value of 100 for cesium and 76 for strontium. These results are derived from the worst cases reported in Tables 5.17 or 5.41 of Till and Meyer (1983) . Values greater than one were measured in soils deficient in calcium or potassium (e.g., Savannah River or Florida) and are unlikely to apply to soils near Los Alamos. (For potassium or calcium concentrations, see http://energy.cr.usgs.gov/radon/DDS-9.html and http://tin.er.usgs.gov/geochem/doc/averages/ca/usa.html) For the purpose of biota dose assessment, the first objective is to determine if the concentration ratios for cesium and strontium are less than one for the following reason. The biota dose is the sum of the external dose (from radionuclides outside the biota) and internal dose (from radionuclides inside the biota.) If the concentration ratio is less than or equal to one, the worst case is the total immersion dose, which is calculated using Table 2 .4 on page M3-18 of the DOE Standard. This calculation assumes the biota are much smaller than the range of the gamma and beta radiation, so the internal concentration does not matter provided it is no more than the external concentration.
Bioaccumulation takes place in steps, as each trophic level increases the concentration. According to Whicker and Schultz (1982) , a typical factor for each trophic level is three. Therefore, if the concentration ratio for plants is less than 0.3 there is reasonable assurance that the concentration ratio for mice is less than one, and if the concentration ratio for plants is less than 0.1 there is reasonable assurance that it is less than one for predators.
Concentrations in produce
Extensive measurements of radionuclides in produce (fruits, vegetables, and grains) have been reported for the calendar years 1978 through 2004 in the annual environmental surveillance reports (for a full list of environmental surveillance report numbers, refer to the appendix). The produce was collected from a variety of locations within 50 miles of Los Alamos National Laboratory (LANL), washed, dried, and analyzed as described in procedures ENV-MAQ-701, -706, -711, and -712. Generally, concentrations are reported on a dry-weight basis and were converted to wet weight using the average dry-/wetweight ratio of 0.13 obtained from .
The data were averaged by year, by location, and by type of produce, using both simple and weighted means, and were generally consistent with wet-weight cesium-137 concentrations <0.0006 pCi/g and strontium-90 concentrations <0.005 pCi/g.
Concentrations in soil
The soil data were obtained from a variety of locations within 50 miles of LANL and reported in the annual environmental surveillance reports. A summary of the data from 1974 through 1994 was reported in Fresquez et al. (1996) . In Table 1 of Fresquez et al. (1996) , the average regional concentrations were reported to be 0.43 ± 0.35 pCi/g for cesium-137 and 0.32 ± 0.25 pCi/g for strontium-90. A more recent average, using simple means and including the data through 2003, is 0.38 ± 0.32 pCi/g for cesium-137 and 0.28 ± 0.21 pCi/g for strontium-90. These results are consistent within the factor-of-two accuracy desired for the present investigation.
The soil concentrations are averaged for the top 5 cm of soil, whereas the plant roots generally penetrate deeper than 5 cm. In order to calculate an upper limit for the ratios, we assume that the roots penetrate to 30 cm; so we assume the average concentration sampled by the roots is 5/30 times the measured concentration, i.e., 0.06 pCi/g for cesium-137 and 0.05 pCi/g for strontium-90. This is a conservative assumption designed to produce an upper limit for the concentration ratio.
Radioactive decay
Radioactive decay causes both the soil and the plant concentrations to decrease with time and therefore cancels to first order. The soil and plant data do not cover exactly the same time interval, but the differences are negligible. If the data from before 1980 are excluded, the soil averages are 0.37 ± 0.32 pCi/g for cesium-137 and 0.26 ± 0.21 pCi/g for strontium-90, which are consistent with the averages for all data: 0.38 ± 0.32 pCi/g for cesium-137 and 0.28 ± 0.21 pCi/g for strontium-90.
Concentration ratio
The concentration ratio is the ratio of the concentration in the produce to the concentration in the soil.
For cesium-137 it is less than (0.0006 pCi/g)/(0.06 pCi/g) = 0.01
For strontium-90 it is less than (0.005 pCi/g)/(0.05 pCi/g) = 0.1
These results are consistent with the results reported previously by Fresquez et al. (1997) , White et al. (1981) , and Hakonson et al. (1973) : 0.01 to 0.06 for cesium-137 and 0.1 to 0.5 for strontium-90 (wet-weight basis). The data reported in Bennett et al. (1996) , Fresquez and Gonzales (2004) , Hakonson and Bostick (1975) , and Miera and Hakonson (1978) are not suitable for a direct calculation of the concentration ratios, but they are generally consistent with the ratios reported above.
Errors and uncertainties
The uncertainties are greater than a factor of two. Where uncertainties have been identified, the largest numerators and smallest denominators have been chosen, so the concentration ratios calculated here are upper limits. For example, the average root depth depends on the depth of tilled soil, which could be less than the assumed value of 30 cm, in which case the true soil concentration would be larger and the ratio would be smaller. Furthermore, some of the cesium-137 and strontium-90 could be deposited on the surface of the plant instead of absorbed into the plant. This would happen if rain or irrigation splashes soil onto the surface of the plant and is not completely washed off. In this case, the true plant concentration would be smaller and the ratio would be smaller. Therefore, the concentration ratios reported above are reasonable estimates of the upper limits.
Conclusion
The data show that the concentration ratios for cesium-137 and strontium-90 are much smaller than one. Therefore, for the purpose of biota dose assessment as described in the DOE Standard (DOE 2002) , the dose is best estimated using the coefficients for external dose as listed in Table 2 .4 on page M3-18 of the Standard.
